governs the thickness of a supraglacial debris layer, an important control on the amount of 28 ablation that occurs under such a debris layer. Characterising supraglacial debris layer 29 thickness on a glacier is therefore key to calculating ablation across a glacier surface. The 30 spatial pattern of debris thickness on Baltoro Glacier has previously been calculated for one 31 discrete point in time (2004) using satellite thermal data and an empirically based 32 relationship between supraglacial debris layer thickness and debris surface temperature 33 identified in the field. Here, the same empirically based relationship was applied to two 34 further datasets (2001, 2012) to calculate debris layer thickness across Baltoro Glacier for 35 three discrete points over an 11-year period (2001, 2004, 2012) . Surface velocity and 36 sediment flux were also calculated, as well as debris thickness change between periods. 37
Using these outputs, alongside geomorphological maps of Baltoro Glacier produced for 38
2001, 2004 and 2012, spatiotemporal changes in debris distribution for a sub-decadal 39 timescale were investigated. Sediment flux remained constant throughout the 11-year 40 period. The greatest changes in debris thickness occurred along medial moraines, the 41 locations of mass movement deposition and areas of interaction between tributary glaciers 42 and the main glacier tongue. The study confirms the occurrence of spatiotemporal changes 43 in supraglacial debris layer thickness on sub-decadal timescales, independent of variation 44 in surface velocity. Instead, variation in rates of debris distribution are primarily attributed to 45 frequency and magnitude of mass movement events over decadal timescales, with climate, 46 regional uplift and erosion rates expected to control debris inputs over centurial to millennial 47
timescales. Inclusion of such spatiotemporal variations in debris thickness in distributed 48
surface energy balance models would increase the accuracy of calculated ablation, leadingdata were used to derive debris thickness on Baltoro Glacier for three discrete periods in 162 
Where DT is debris thickness and !! ! is surface temperature. transect near the glacier headwall, then calculated cross-sectional area of the debris using 295 the debris thickness transect, and multiplied the cross-sectional area by surface velocity, 296 calculating one-dimensional sediment flux. Here, we calculated supraglacial sediment flux 297 for each pixel by multiplying debris thickness by the pixel width at right angles to the 298 direction of maximum surface velocity to give supraglacial debris layer cross-sectional area,and then multiplied cross-sectional area by surface velocity for the same pixel. As surface 300 velocity and supraglacial debris thickness were used to calculate sediment flux these 301 results only represent debris transported supraglacially. The resulting sediment flux maps 302 were normalized to annual datasets to obtain comparable sediment flux values, and were 303 masked using the same masks applied to the surface velocity and debris thickness maps to 304 exclude pixels with erroneous results and cloud cover. 
Spatiotemporal change in supraglacial debris distribution 492
A debris distribution common to the majority of debris-covered glaciers is evident on the 493 surface of Baltoro Glacier throughout the study period, with the thickest debris occurring 494 near the terminus and along moraine crests, and an increasingly thick debris layer towards 495 across the glacier surface occurred during the study period. Where the debris layer is below 503 0.5 m, the thickness at which ablation of underlying ice is most variable with debris 504 thickness, the rate of debris thickness change identified here could lead to areas of the 505 debris layer evolving from a thickness that enhances melt to one that insulates it over 506 relatively short timescales (e.g. several years). The rapidity of such changes could render 507 debris thickness maps previously published to be inapplicable for any year other than the 508 one in which debris surface temperature data were collected (e.g. Mihalcea et al., 2008) , 509 although such maps would still be important for observing historical debris distribution. surface (e.g. Figure 9 ), both of which would facilitate more efficient supra-and englacial 630 drainage systems and inhibit the formation of undulating topography in the supraglacial 631 debris layer near the terminus, as debris will be less stable and is more likely to be 632 transported more evenly when located on a slope. The lack of depressions near the glacier 633 terminus would therefore inhibit ponding of supraglacial water in the area. 634 635
Incorporating debris distribution change into numerical modelling 636
Mean annual debris thickness change and mean annual sediment flux are potential 637 indicators to help establish the period over which a glacier has become debris covered and 638 the rate at which supraglacial debris layers evolve. Currently in numerical models of debris-639 covered glaciers debris thickness is largely considered as static in time (e.g. Collier et al., 640 2014; Reid and Brock, 2010; Shea et al., 2015) . However, we have confirmed debris 641 distribution is dynamic over annual to decadal timescales (Figure 3; Figure 9 ). Incorporatingan annual rate of debris thickness change into long-term energy balance models for debris-643 covered glacier surfaces is therefore important for generating robust results using these 644 methods. For glacier change models, such as those of Rowan et al. (2015) , where a 645 supraglacial debris layer is formed through glacial processes and hillslope erosion rates are 646 used to control input of debris to a glacier system, annual rates of glacier change and 647 sediment flux could be used to constrain model outputs. We also confirm that using 648 temporally constant annual erosion rates for control of debris input to glacier systems, such 649 as those used by Rowan et al. (2015) and Anderson and Anderson (2016) , is appropriate 650 on sub-decadal timescales, but should be set on a case by case basis as these erosion 651 rates would be affected by localised variability in headwall retreat and precipitation 652 
Conclusion 676
The distribution of supraglacial debris on Baltoro Glacier predominantly follows the 677 expected pattern for a debris-covered glacier, with increasingly thick debris towards the 678 terminus. However, debris distribution is complicated by the interaction between tributary 679 glaciers, some of which show signs of dynamic instability, and the main glacier tongue. An 680 overall increase in debris thickness was observed between 2001 and 2012, indicating that 681 supraglacial debris distribution varies over sub-decadal timescales. Short-term variations in 682 debris thickness are primarily attributed to input from mass movement events. The area of 683
Baltoro Glacier covered by a spatially continuous debris layer increased over the study 684 period, suggesting that the debris layer is still evolving. The number and area of 685 supraglacial water bodies on Baltoro Glacier also increased through the study period, with 686 changes attributed to differential surface lowering. However, ponding is not observed at the 687 terminus because the glacier displays a debris-fan type terminus that inhibits formation of 688 undulating debris topography and facilitates efficient drainage. Additionally, surface 689 lowering of the glacier surface up-glacier of the terminus may be important for debris layer 690 thickening due to exhumation of debris transported englacially. 691 debris distribution is important to better understand the evolution of debris-covered glaciers 694 through time, particularly to determine the mass balance of glaciers accurately in response 695 to recent and future climatic change. However, quantifying such inputs is challenging; 696 mass movement events are temporally and spatially variable and dependant on climate, 697 topography, tectonic processes and lithology, and identifying debris contributed from 698 englacial sources requires quantification of the volume of debris held englacially, which can 699 only really be gained through fieldwork. Despite such limitations, this study shows that 700 incorporating some aspects of spatiotemporal change in supraglacial debris distribution into 701 numerical modelling is achievable, and is likely to be significant in accurately determining 702 debris-covered glacier systems. 703
